Introduction
Choline is a vitamin-like compound that functions in several ways, mainly as a phospholipid. It plays an important role in cell membrane integrity and is involved in lipid digestion and transport.
Much of the choline that reaches the intestines of ruminants is phosphatidylcholine contained in protozoa (Broad and Dawson, 1976) , although defaunation affects the intestinal supply of choline very little in sheep 1 Contribution 00-235-J, Kansas Agric. Exp. Sta., Manhattan 66506.
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with addition of 20 g/d RPC. Yield grade and kidney, pelvic, and heart fat both increased linearly (P < 0.10) with fat supplementation. The percentage of carcasses grading USDA Choice was not affected by intermediate levels of RPC but decreased with the highest level (60 g/d). Dressing percentage, hot carcass weight, marbling, and 12th-rib fat thickness were not affected significantly by either tallow or RPC. On d 90, jugular blood was collected from all heifers at 2 h postfeeding. Plasma urea and serum insulin concentrations were not affected by either tallow or RPC. Dietary tallow linearly increased (P ≤ 0.10) NEFA, cholesterol, triglyceride, and total amino acid concentrations. Choline supplementation led to quadratic responses for total amino acids (P < 0.10), with concentrations being greatest for intermediate levels of RPC. Moderate levels of supplemental RPC improved growth performance of finishing cattle without negatively affecting carcass characteristics. Optimum performance was achieved with 20 g of product daily. (Dawson et al., 1981; Hsu et al., 1991) . Protozoal numbers are low in cattle fed high concentrate diets because of low ruminal pH (Towne et al., 1990) , and inclusion of fat in finishing diets can decrease or eliminate protozoa (Purser and Moir, 1966; Czerkawski et al., 1975; Ikwuegbu and Sutton, 1982) . Therefore, high concentrate diets containing supplemental fat may limit the choline supply to the intestine of cattle.
Because choline either present in or added to feedstuffs is degraded extensively in the rumen (Atkins et al., 1988; Sharma and Erdman, 1989b) , it must be protected from degradation to be of value to ruminants. In a previous experiment with steers fed diets containing no supplemental fat, ruminally protected choline (RPC) increased ADG by 6.5%, decreased DMI, and improved gain efficiency by 12% (Drouillard et al., 1998) . When 5% choice white grease was added to the diet, RPC did not alter efficiency or gain. However, in another trial with cattle fed a diet containing 5% choice white grease, RPC increased feed intake and ADG (Drouillard et al., 1998) . Bryant et al. (1999) reported an improvement in the performance of finishing cattle fed a diet with 3% yellow grease with RPC supplementation. Gain increased by 11.6% with 0.25% RPC but only by 4.3% with 0.50% RPC and did not increase with 1.0% RPC; DMI was not affected, so efficiency responded similarly.
The objectives of our study were to determine the optimal level of RPC for finishing cattle and to determine whether this level was dependent on the concentration of dietary fat.
Materials and Methods
This study was conducted at the Beef Cattle Research Center of Kansas State University beginning in September 1997. Three hundred eighteen medium-framed, British and British cross, yearling heifers were used in a randomized complete block design experiment to study the effects of RPC and supplemental dietary fat on performance and carcass characteristics. Heifers were fed a 92% concentrate diet (Table 1) Corp., Slate Hill, NY). All heifers were adapted to a common diet (70% concentrate), and 14 d before the start of the experiment, they were implanted with 140 mg of trenbolone acetate and 14 mg of estradiol (Revalor-H, Hoechst Roussel Vet, Somerville, NJ) and treated for internal and external parasites. Ten days before the start of the experiment, heifers were blocked according to previous nutritional treatment (full-fed or limit-fed growing diets) and divided among 24 pens. Pens in the block containing heifers that were previously limit-fed contained 14 or 15 heifers each, whereas pens in the block containing heifers that previously were full-fed contained 11 or 12 heifers each. Two pens, one within each block, were assigned randomly to each of the 12 treatments. On d 0 of the trial, each pen of heifers was weighed, and dietary treatments were initiated. Forage concentration in the diet was decreased gradually from 30% when heifers were implanted to 8% 10 d after treatments began (final diets). Heifers were fed once daily and given ad libitum access to the finishing diets. Choline was top-dressed to the diets daily at feeding.
On d 30 and 60, each pen of heifers was weighed before feeding. On d 90, pens from one block of heifers were fed at 15-min intervals, and heifers were weighed individually approximately 2 h postfeeding. At weighing, blood samples were collected via jugular vein puncture into two, 10-mL Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ). One tube containing EDTA was placed immediately on ice and kept cold until centrifuged at 1,000 × g for 15 min. Plasma was separated into three collection vials and stored frozen. The second tube contained no anticoagulant and was allowed to clot for at least 30 min at ambient temperature. It then was centrifuged at 1,000 × g for 15 min, and serum was separated and stored frozen. The same schedule was used for the second block of heifers on d 91.
On d 120, each pen of heifers was weighed, and heifers were shipped to a commercial slaughter facility where carcass data were obtained. Hot carcass weights (HCW) and liver abscess scores were obtained at slaughter, whereas percentage of kidney, pelvic, and heart fat (KPH); 12th-rib fat thickness; marbling score; longissimus muscle area; USDA yield grade (YG); and USDA quality grade were obtained after a 24-h chill. Carcasses grading USDA Select, but near USDA Choice, were reassessed after an additional 6-to 8-h chill period. Dressing percentages were calculated on a pen basis as hot carcass weights divided by final live weights. Final BW and, subsequently, ADG and gain:feed ratio were computed after applying a 4% pencil shrink (i.e., BW were multiplied by 0.96).
Blood Analyses. Concentrations of plasma glucose
were determined by an enzymatic, colorimetric procedure (Technicon Industrial Method #SE4-0036FJ4) using a Technicon AutoAnalyzer II. Plasma samples also were analyzed for total amino acids and urea nitrogen by colorimetry (Wessels and Titgemeyer, 1997 body-coated tube method supplied in a commercially available RIA kit (Coat-A-Count Insulin, Diagnostic Products Corporation, Los Angeles, CA). Concentrations of plasma nonesterified fatty acids (NEFA) were determined using a commercially available enzymatic colorimetric procedure (NEFA-C, Wako Chemicals USA, Richmond, VA) modified as described by Eisemann et al. (1988) . Concentrations of plasma triglyceride and cholesterol were determined using commercially available test kits (#339 and #352; Sigma Diagnostics, St. Louis, MO).
Statistical Analyses. Performance, carcass characteristics, and blood variables were analyzed as a randomized complete block design with pen as the experimental unit using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). The statistical model contained the effects of block, choline level, tallow concentration, and the choline × tallow interaction; residual error was used to test effects of treatments. Contrasts were used to determine 1) the linear, quadratic, and cubic effects of RPC; 2) the linear and quadratic effects of added dietary tallow; and 3) the interactions between the above listed contrasts for RPC and tallow. Significance was declared at P ≤ 0.10.
Results and Discussion
Overall performance of cattle in this experiment was low, likely attributable to the damp, cold, and muddy conditions that prevailed throughout the final 30 d of the study. Few significant interactions occurred between RPC and supplemental fat; therefore, tabular data are presented for the main effects of RPC and tallow, and significant interactions are presented in figures.
Inclusion of RPC in the diet of finishing heifers had little effect on DMI throughout the trial, except for the first 30 d, when intake increased linearly (P < 0.10) as choline was added to the diet (Table 2) . From d 0 to 120, RPC increased both ADG (linear and quadratic, P < 0.10) and gain efficiency (quadratic, P < 0.10). Daily gains increased by 8.6% with 20 g/d RPC and by 14.6% with 40 g/d RPC. Then ADG decreased with 60 g/d RPC relative to 20 and 40 g/d RPC; however, it was still increased by 7.2% relative to controls. Gain efficiency followed the same pattern as ADG: a linear increase up to 40 g/d RPC and then a decrease in gain efficiency at 60 g/d RPC to a level near that observed for 20 g/d RPC. Carcass-adjusted gains and efficiencies, as well as gains and efficiencies to 30, 60, and 90 d, demonstrated a slightly different response to RPC than did 120-d gains and the efficiencies based on live weight; increases were essentially the same for all three supplementation levels of RPC. With 20 g/d RPC, carcass-adjusted gains were increased by 6.6%, and carcass-adjusted efficiencies were increased by 5.5%. Carcass-adjusted gains demonstrated a choline × fat interaction (Figure 1 ; fat-quadratic × choline-linear; P < 0.10), wherein supplemental choline led to greater increases in carcass adjusted gains for heifers fed 2% tallow than for those fed either 0 or 4% tallow. In light of a lack of interactions for gains based on live weight or for efficiencies based on either live weight or carcass weight, the importance of this interaction is probably small.
Supplemental choline did not markedly affect carcass measurements of finishing heifers. The percentage of carcasses grading USDA Choice was unaffected by either 20 or 40 g/d RPC but was decreased by 22% when 60 g/d RPC was fed (linear and quadratic, P < 0.10). Dressing percentage was numerically lowest for heifers fed 40 g/d RPC, which explains the slight difference in interpretation of the data between live and carcassadjusted gains and efficiencies.
In contrast to the results of Drouillard et al. (1998) , who observed a greater response to choline when diets did not contain supplemental fat, effects on finishing performance did not show many interactions between RPC and supplemental tallow. Drouillard et al. (1998) supplemented choice white grease to steers, whereas we supplemented fancy bleachable tallow to heifers. Also, performance levels of cattle were higher in the previous trial. In a second experiment by Drouillard et al. (1998) , improved performance was observed when choline level was supplemented to steers fed the highfat (5% choice white grease) diet. It is unclear how sex or fat source would impact responses to RPC. However, RPC did improve performance in both cases, showing that choline can affect high-as well as low-producing animals.
Performance of finishing heifers improved with dietary supplementation of RPC. Responses were relatively similar among the three levels of supplementation, so the optimal amount would be the lowest level tested, 20 g/d RPC (5 g/d available choline). For live gains and gain efficiencies, the best performance was noted with 40 g/d RPC, but this was not observed for carcass-adjusted gain and efficiency nor for gains at 30, 60, or 90 d. This is due to the lower dressing percentage observed with 40 g/d RPC relative to the other levels of choline. The lower dressing percentage and the similar treatment responses for 90-d gains and carcass-adjusted gains suggest that greater gut fill and(or) mud on heifers fed 40 g/d RPC contributed to their live gains being greater than those of heifers fed the other levels of RPC.
Improvement in performance of finishing cattle with supplementation of RPC is consistent with previous research. Bryant et al. (1999) fed 3% yellow grease in corn-based diets and observed improvement in ADG and gain efficiency from RPC, with the response being dependent on the level fed. The largest improvement was noted with the lowest level of RPC tested (0.25% of dietary DM, 21.5 g/d). Improvements in performance relative to the control also were observed with 0.50% RPC (42.5 g/d), but 1.0% RPC (85 g/d) did not improve ADG or gain efficiency. As in our study, Bryant et al. (1999) characteristics of finishing cattle. Taken together, our study and that of Bryant et al. (1999) suggest that feeding more than 20 g/d RPC to finishing cattle provides no benefit and possibly is detrimental to performance. Although few data are available to support a more accurate estimate of the lowest amount of choline that would maximize performance, Drouillard et al. (1998) observed linear improvements in gain when up to 9 g/d choline (36 g/d RPC) was supplemented to finishing steers, suggesting that an amount of RPC below 20 g/d would be less efficacious.
Effects of RPC on blood metabolites on d 90 are presented in Table 3 . Supplemental RPC led to quadratic responses for plasma total amino acid concentrations (P < 0.10) but had little impact on other measured metabolites. A fat × choline interaction (data not shown) also affected total amino acid concentrations, but differences were small and of questionable biological significance.
An increase in plasma NEFA in response to choline supplementation would be expected because of choline's role as a lipotropic agent, aiding in the transport of lipids from the liver to other tissues (Lombardi et al., 1968) . This has been observed previously in studies with ruminants (Sharma and Erdman, 1989a; Puchala et al., 1997; Bryant et al., 1999) . In our study, NEFA were not significantly affected by dietary RPC but were decreased numerically. Interestingly, Bryant et al. (1999) observed significant increases in plasma NEFA in lambs in response to supplementation with RPC at 28 d, but at 56 d they observed numeric decreases in plasma NEFA in response to RPC supplementation.
In rats, dietary choline increased circulating concentrations of triglycerides (Lombardi et al., 1968; Lombardi, 1971; Kubsis and Mookerjea, 1978) , whereas, in ruminants (Sharma and Erdman, 1989a; Erdman and Sharma, 1991) , choline supplementation did not significantly affect plasma triglyceride concentrations. We Effects of dietary tallow and ruminally protected choline on carcass adjusted gains of finishing heifers. 0% Fat = ᭺; 2% Fat = ᭝; 4% Fat = ᮀ. Quadratic effect of choline (P < 0.10); linear effect of fat supplementation (P < 0.10); fat-quadratic × choline-linear (P < 0.10).
observed a fat × choline interaction affecting plasma triglycerides (Figure 2 ; fat-quadratic × choline-linear, P < 0.10). When diets contained no added fat, triglyceride concentrations increased in response to intermediate levels of RPC, but when fat was added to the diet, choline supplementation decreased concentrations of triglycerides (2% tallow diets) or did not alter them (4% tallow diets). This suggests that, without fat in the diet, RPC increased transport of lipids from the liver. However, when fat was included, either the mobilization of fats was depressed or it was unaffected by choline addition or the higher plasma triglyceride concentrations that resulted from tallow supplementation masked the effects of choline.
Daily DMI and ADG decreased linearly (P < 0.10) as tallow was added to the diet (Table 4) . Because both intake and gain decreased alike, gain efficiency was not affected by the addition of fat to the diet. Depressions in gain with tallow supplementation were numerically Choline × fat interaction was present (P < 0.10); see Figure 2 .
greatest during the first 30 d of the experiment, whereas decreases in DMI in response to tallow were numerically greatest during the later portions of the study. This supports the concept that, for optimal utilization, cattle require an adaptation to dietary fat supplementation (Hatch et al., 1972; Zinn, 1989) . Carcassadjusted gain also decreased linearly (P < 0.10) as fat was supplemented in the diet. With supplementation of fat, KPH and YG increased linearly (P < 0.10), indicating fatter carcasses in response to tallow supplementation. Also, longissimus muscle area decreased linearly (P < 0.10) in response to tallow. Other carcass measurements were not affected by tallow supplementation.
Results of our experiment suggest that supplementation with tallow can have a negative impact on DMI and on ADG. Other researchers also have reported decreases in DMI from inclusion of fat in the diet (Zinn, 1992; Zinn and Shen, 1996; Drouillard et al., 1998) . The effect of supplemental fat on ADG has been variable. Some researchers have noted increases in performance with levels of dietary fat up to 5% (Brandt, 1988; Zinn, 1988) . Zinn (1989) also reported an improvement in ADG with 8% supplemental fat. However, other researchers observed decreased gains with diets supplemented with 2 to 3% fat (Hatch et al., 1972; BuchananSmith et al., 1974) and even greater depressions in gain with 5% added fat (Hatch et al., 1972; Drouillard et al., 1998) . Several factors that may influence the effect of fat supplementation on performance include dietary energy density, source of fat, dietary ingredient composition, and forage concentration.
In our study, supplemental tallow increased most measures of carcass fatness. This is consistent with other studies that reported an increase in KPH (Zinn, 1988 (Zinn, , 1989 (Zinn, , 1992 , an increase in 12th-rib fat thickness Computed using final weights calculated as carcass weights divided by a common dressing percent (62.5%). (Zinn, 1989 (Zinn, , 1992 Zinn and Plascencia, 1996) , and an increase in marbling (Zinn, 1989; Zinn and Plascencia, 1996) in response to fat supplementation. Blood metabolites on d 90 were affected by the addition of dietary tallow (Table 5) . As expected, supplemental fat increased plasma triglycerides (P < 0.10), NEFA Choline × fat interaction was present (P < 0.10); see Figure 2 .
(P ≤ 0.10), and cholesterol (P < 0.10). Plasma total amino acid concentrations of finishing heifers increased (P < 0.10) with inclusion of fat in the diet. Addition of fat did not affect plasma concentrations of urea or insulin. The increases in plasma triglycerides, NEFA, and cholesterol with fat supplementation are consistent with results of other studies (Palmquist and Conrad, 1978; Khorasani et al., 1992; Khorasani and Kennely, 1998) .
Implications
Choline supplied in a ruminally protected form can improve performance of finishing cattle. The optimum supplemental level appeared to be near 20 g/d of product (5 g/d available choline), which increased gain without having a negative impact on carcass characteristics. Greater amounts of choline (40 or 60 g/d of product) did not improve performance relative to 20 g/d, and the highest level decreased the percentage of carcasses grading USDA Choice, suggesting that excessive amounts of choline supplementation should be avoided. 
